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Agenda 


• Introduction 

• Reactor Concept Development 

• Engine Conceptual Design 

• Key Technology and Streamline Development Plan 
Assessment 
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Introduction 


FV92 accomplishments centered rm conceptual design and analyses Ini ?!»K, f>OK, end 7f>K engines, with emphasis 
on the 50K engine, to NASA requirements. 

During the first period of performance flow and energy balances were prepared lor each engine size with single and 
dual turbopumps. Plan, elevation, end isometric drawings were prepared for e8ch of these configurations, and thrusts- 
to-welght were estimated. A review of fuel technology and key data from tho Rover/NERVA program, established a 
baseline for proven reactor performance and areas of enhancement to meet near term goals. Studies were performed 
of the criticality and temperature profiles for probable fuel and moderator loadings for the three engine sizes, with e 
more detailed analysis of the 50K size 

During the second period of performance, analyses of the 50K engine continued. A chambcr/nozzlc contour was 
Selected and heat transfer and fatigue analyses were performed for iikrfy materials of construction. Reactor analyses 
were performed to determine component radiation heating rates, reactor radiation fields, water immersion poisoning 
requirements, temperature limits for rcstartahility, and a tin tube thermal analysis, In addition reactor safety and 
reliability were assessed. 

Finally, a brief assessment of key enabling technologies was made, with a view toward identifying development issues 
end Identification of the critical path toward achieving engine qualification within 10 years. Our initial appraisal 
suggests that critical path for tho program will be the design, construction, and acceptance testing of engine test 
facilities. 
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Requirements 


• Rover/NERVA-dorivod technology 

• "Near-Term" moil-rated mission 

• 4.5 hours qualification test at rated conditions to validate 1.5 hours at 
rated conditions for manned missions 

• Restartable, at least 10 starts 

• Launch envelope, 30 m (length) x 10 m (diameter) 

• Isp > 850 seconds 

• Thrust 

A. Initially --25K, 50K, and 75K 

B. Continued effort -50K 

• Thrust/Weight (with internal shield) ^ 4 
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Requirements 


Requirements for the FY92 NASA funded effort derive from the Statement of Workj basic objective was the 
assessemant of the near-term feasibility of Rovar/NERVA derived nuclear thermal rocket engine technology for 
meeting piloted missions to Mars. The basic requirements for the engine provided by NASA Included size limits, 
target specific Impulse, number of restarts, operating life, ami thrusl to weight lower limit. Initial analyses were to 
be performed for three engine thrust sizes: 25K, 50K, and 75K. Final concept development was to be performed 
for the 50K thrust size engine. 


m) 

NTP: System Concepts 


NP-T1M-92 


Rockw*lt Inurnnilunnl 


69 



Additional Ground Rules 


• Pewee fuel element, temperature, and ZrH moderator 

• Chamber temperature 2,550 K 

• Power density 1.18 MW/element 

• Tie tubes with expander cycle 

• Dual turbopumps/loss of both pumps 

• Nozzle expansion ratio, 200/1 

• Radiation leakage limits from NERVA 

• System requirements of NASA N.P. 002 
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Additional Ground Rules 


Communication with NASA subsequent to issuance of the Statement of Work provided additional guidance: 

Pewee operating parameters for chamber temperature and power density, ose of tie tubes with the expander cycle, 
incorporation of dual turbopumps with consideration of pump outages, a nozzle expansion area ratio (200), 
radiation limits from the NERVA design, and additional system requirements found in NASA N.P. 002, "Nuclear 
Thermal Rocket Engine Requirements " 
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NERVA-Derived 50K Engine Schematic 


Chamber pressure = 704 psia 
Ctiamher temperature == 2.5b0 K 
Specific impulse = 870 seconds 
Nozzle expansion ratio ~ 200:1 
Nozzle bell = 110% length 
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NERVA-Derived 50K Engine Schematic 


The GOK engine features dual turbopumps supplying liquid hytlmgen !*• ilm lie lubes, nnd the cbm liber and nozzlo. 
Approximately 70% of the flow goes to cool the tie tubes and moderator; the heal pickup provides the energy for 
thn turbines. The propellant flow used to cool the chamber nnd on/rlo also cools the reflector and pressure vessel. 
The total flow Is mixed together, flows through the fuel elements wlioic Hie temperature Is increased to 2,550 K, 
and is exhausted from the nozzle to produce thrust. The engine is sized and packaged to fit within given 
geometrical constraints; consequently, chamber pressure and bell nozzle length are selected lo maximize specific 
impulse and thrust-to weight. 
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Key Features/Attributes 


• Proven technology, low risk approach 

• Nozzle technology flying with Space Shuttle 

• Existing turbopump designs applicable 

• Rover/NERVA-derived reactor 

• Minimum development time/money 

• Supports 10-year qualification goal 

• l Sfl > 1 50 seconds better than NERVA-XE' 

• MCNP permits fuel loading for flat profile 


• Tie-tube support approach facilitates 

• Expander cycle turbine for improved l sn 

• Incorporation of ZrH to minimize reactor size 

• Optimized packaging and flow balancing 

• Can accept evolutionary improvements 
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Key Features/Attributes 


The RocketdyneWestinghouse nuclear thermal rocket engine benefits from a combination of the technology proven 
in the Rover/NERVA program and modem rocket engine man rated components. The goal of producing a qualified 
engine within 10-years can be achieved with minimal development, based on the current state of the art. Cooled 
chamber and nozzle technology from the SSME is directly applicable, and turbopumps from the J-2S, Rover, and SSME 
bracket current requirements. Studies were initiated to examine pump out performance with boost pumps and multiple 
turbopumps; however, meaningful results were not achieved within the allocable funding limitations. 

Easily achievable enhancements provide improvements in l <(1 over the Inst NCRVA engine tested, NRX-XE'. 
Incorporation of tie tubes and the expander cycle, Increase of tire expansion ratio bom 10 to 200, regenerative cooling 
throughout, and Increase of the chamber temperature to the Pewea conditions adds over 150 seconds of specific 
impulse. A further increase of chamber temperature to 2,700 K by use of composite elements would add another 30 
seconds to bring the total to 900 seconds. 

The preliminary configuration has the uirhnpumps nt the side of the chamber to shorten llm overall length of the engine 
assembly. Within that configuration flow and energy balances are optimized to minimize pressure which directly affects 
ducting wall thickness. 
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NERVA-Derived 50K Engine Isometric 
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Reactor exit temperature = 2,550 K 
Dual turbopumps 
Split-flow expander cycle 
Nozzle expansion ratio - 200:1 
Nozzle bell =- 110% length 
Specific impulse - 870 seconds 
Tlmist/weight = 5.3 {with shield) 
Engine length = 7,6 m 
Exit diameter = 2.4 in 
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NERVA-Derived 50K Engine Isometric 


A key feature of the engine includes compact packaging, with turbopumps mounted to the side of the reactor 
vessel to reduce the overall height end permit a higher expansion within the geometrical constraints. Another 
feature has the tubular nozzle attaching to the chamber at a low expansion ratio to save weight and to facilitate 
ground testing. An area for evolutionary change in this design would be the substitution of uncooled composite 
ceramic materials for the tubular nozzle for a potential weight saving and some increase in specific impulse. 
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Technology Assessment Results 


• Technology available for most issues 

Rover/NERVA, SSME, Rocketdyne state of the art, 
SP-100, terrestrial advanced reactors, state-of-the-art 
electronics and computers 

• Unresolved system design issues 

Loss of turbopumps, lifetime, intact reentry-water 
subcriticality (or total dispersal), decay heat removal, 
engine-out cooling during operations, fuel midband 
corrosion 

• Critical path is engine test facility 
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Technology Assessment Results 


The assessment of key technologies led to the conclusions that (II existing technology In reactors and engine 
systems is applicable to most design areas, (2) there are Issues requiring attention early in the program to assure 
satisfactory resolution, and (3) the assured early availability of an engine/reactor test (acllity is critical to meet, 
successfully meet the 10 year engine qualification goal. 
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NTR Streamline Development Logic 
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NTR Streamline Development Logic 


A development logic diagram can include many layers of detail and be organized In many different ways. This 
high-level diagram shows many necessary tasks in setting requirements, recapturing technology, resolution of key 
design issues, facility design, construction, and activation, and testing of components and systems. The most 
important massage is that the program must start with well-defined requirements and design criteria, and that the 
availability of key test facilities will drive tho rote of achievement of the 10-year goals. Near term activities of 
conceptual design, technology recovery, and resolution of design issues will provide a sound basis for proceeding 
quickly as substantial funding becomes available. 
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NTR Streamline Development Plan Summary 


Fiscal Year 


Establish Safety and 
Performance Requirements 

Generate Design Criteria 
Recapture Technology 
Engine Conceptual Design 
Resolve Design Issues 
Design 

Design and Safety Review 

Component Fabrication and 
Testing 

Engine and Fuel Test Facilities 
Design and Activation 

Design Verification Testing 
Qualification Testing 


'93 


'94 


c 


45 


c 


'95 


'96 


'97 


I 


'98 


'99 


$2 




Rockwell Imernatkmol 

Hv*l>»Wrn« 


WrHki|tinuw llkctito CwfwMW 


NTR Streamline Development Plan Summary 

The time-phasing of key groups of activities from the development logic diagram shows that several tasks should 
be emphasized at the start: setting requirements, technology recapture, and establishing design criteria. Test 
facility design, construction and activation must also begin promptly to assure that the 10-year schedule can be 
met. 
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REACTOR CONCEPT DEVELOPMENT 
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• NERVA Derivative Reactor Concept 
Design 

• NTR Nuclear Parameter Study 

• Analysis of Reactor for 50K/lbf Engine 

• Assessment of Fuel Technology 

• Assessment of Nuclear Safety Issues 

• Summary and Conclusions 


Development ot a nuclear thermal rocket design concept for Fast Track studies Is based on the NEHVA/Rover technology 
database. Design analyses to provide NTR designs to meet program requirements are developed with current design 
methodologies benchmarked to NERVA/Rover technology. The NERVA derivative reactor concept design Is based on 
NERVA R-1 reactor design with design features upgraded to Include the demonstrated capabilities of the NERVA/Rover 
program. A historical summary of the completed tests of the NERVA/Rover program and the NTR performance 
demonstrated by test results are summarized in the following pages. 

Based on a set of NASA directives, parametric analyses ot the sl 2 e and performance characteristics of NTR reactors which 
provide performance consistent with 25K, 50K, and 75K lb, engines was completed. Later discussions show the results of 
more detailed studies on the reactor design for the 50K ity engine. 

Based on a review of tlie NERVA/Rover technology database, a current assessment of the fuel technology and nuclear 
safety issues for the application ol the NERVA derivative reactor in the NTR program Is discussed. 

In summary, the lessons learned during the conduct of the work tasks are discussed. 
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NERV A/Rover REACTOR SYSTEM TEST SEQUENCE 

The fast track engine draws upon the existing 1.4 billion dollar technology 
base developed by Los Alamos National Laboratory and Westinghouse 
during the NERV A/Rover Nuclear Rocket Engine Program. 
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The extent of the NERVA/Rover technology Is demonstrated by the number of reactor and engine tests completed over the 
1959-1972 time frame. The reactor tests completed In the KIWI/PHOEBUS/PEEWEE series demonstrated the wide range 
in reactor size and power capability provided by the technology. The NERVA test series culminating in the NRXA6 and 
XE-Prime tests demonstrated lifetime and performance capabilities of the NERVA/Rover-based NTR*$. The NERVA 
program successfully completed the preliminary design of the R-t reactor design and the Fast Track reactor designs 
developed In the current work tasks are derived from the extensive technology database of the NERVA/Rover programs. 
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Demonstrated Technology 

Rover/NERVA Test History 



The demonstrated capabilities of NERVA/Rover based NTR's is summarized In the following table. The performance levels 
reached In each of the key tests completed as shown. As shown, the NERVA/Rover technology provides reactor 
performance capabilities similar to the requirements of the Fast Track program and later discussions show the capability 
ot NERVA/Rover based design concepts to meet the Fast Track program needs. 
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NERVA Derivative Reactor Concept Design 
for 50K Ibf Thrust Engine 


• Layout drawing 

# Solid models 
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The 50K lb, engine reactor layout Is based on the R-1 NERVA flight reactor design. The R-1 successfully completed an Air 
Force Preliminary Design Review before the termination of the NERVA project In 1972. The key dimensions of the reactor 
for the 50 k Ibf engine are shown. These were established based on the required engine thrust (core size), and the 
neutronic requirements (reflector and shield). 


NP-TTM-92 


81 


NTP: System Concepts 


c-<2- 


0RK3JNAL PAGE tS 
OF POOR QUALITY 



5>nlM mortals o! Him major roar mi u'uipofHmta nrt<i nr.r.nmMy wa r (jnnojnlrvf ir.inq Pm f f k jit M' f^r Him vrowiit np|»s r fiow 
ft to n‘-r.oml *ly morlnl of II to tern t< m . wl mi n flip nr.'V' »r cniiipuiif'in , iii< (or 111 k j I ho < no\ nil lm « o(«n ‘inn p II u» rnljrl moi lot 
r, pmanmltir. in nnluro, it nn lu> ir.'Mi fm a r ,niir*<-, of >nnH<>j /m of flu* Mum lypo Hif- malo^ i j ; u In almlior. n. my |n 
ppffoim find wfiiffht psli/nnf os f o; I!jp'-«» lypoa of ro mini*: ran fro mlal'lod'orl last ami a< nnlciv I ho ^oronrl major rn.asoii 
for Htili7»t'fj Him Pro I t*rjii»o«i mlirl tunrloHnuj .a|i;>"varli k flint il piovi'fo*-. rr>n mlor-, mt« o f a« *" I » nna| y li; nl look llur- 
ir rtrHjraforl ;»j >pron<:h to < j< ion -mu I r n< h l< -llinq willf» 'oily nlili. T *'H m H»r> ilov/i’lopn'iMit of (hi • I II 1 1 ’ / A 1 1* o tr'o » row lor Ho* i< |ii 



N ! 1’: System Concepts 


82 


Nl* TIM <>2 


ORlSif'iAL. PAGE *$ 
or POOR QUALITY 



NTR Nuclear Parameter Study 


• Neutronics Model 

• 25K Ibf Engine Results 

• 50K Ibf Engine Results 

• 75K Ibf Engine Results 

• Heterogeneity Evaluation 
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Studies ot the neutronics design ol the NTR wete based on thiee time? Lionel models derived Worn the Nf FIVA design 
The methodology selected *or isa in the parametric analyses was the MCNP Monte Carlo radiation transport method. 
Model parameters of the reactor system were derived from the M-Z model information of the NERVA H i reactor system 
An automated model generation technique was used to define reactor system models for parametric analyses to size and 

predict performance characteristics for the various s<ze« of the NTR syotam. An fi-Z annular ring model of the NTfl core 
configuration was used m parametric analyses in a similar manner to the models in the NERVA database. Three 
dimensional model details were limited to the reflector control drums and used the geometric modelling capability of the 
MCNP method. The automated modelling technique and MCNP (Version 3B) were used to define the core and reflector 
sizes, fuel loading profiles, reactivity woiths, and control drum worths and span for three NTR engine sizes; 25, 50. and 75 
Klbf thrust levels. In addition, a limited study of the impact of heterogeneous versus homogeneous modelling of the 
prismatic fuel elements arm *ie- lubes within ’ho NTR core was performed on a unit cell basis 
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Study Guidelines 


• NERVA (Prismatic) Fuel Elements 
52" Long 

0.753" Hex 

19 Coolant Channels 

600 mg/cm 3 Maximum Fuel Loading 

• ZrHx Moderated Tie-Tube 
SNRC (PeeWee) Maximum ZrHx 

2:1, 3:1, 6:1 Fuel Element to Tie-Tube Ratios 

• Performance 
1.18 Mw/element 

2550K Chamber Temperature (Point Design) 
784 psia Chamber Pressure 
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Study Guidelines/Assumptions 

• Reactor Sizes 25K, 50K and 75K Ibf Thrust Engines 

• Critical Drum Angle of 80° 

• NERVA/R-1 Reactor Design Configuration 

• R-Z Geometry with Explicit Control Drums 

• Neutronics Calculations: MCNP-3B 
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Technology Base 


Design Features 

... 


Reactors 




NERVA 

PeeWee 

25K 

50K 

75K 


Xe-Prlme 

A-6 

R-1 



■ 


Tie-Tubes 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Ratio, Fe/TT 



6:1 

3:1 

3:1 

6:1 

6:1 j 

ZrH Loading (Relative) 



0.0 

1.0 

1.0 

1.0 

0.4 I 

Power, Mwt 





512 

1024 

1536 I 

Core Diameter, In. 



35.0 


itu* 

^5.2 

30.7 

Power Density, MW/FE 

0.67 

0.67 

0.75 

1.18 

1.18 

*1.18 

1.18 

Internal Shield 

A1 

A1 

BATH 

- 

BATH 

bath! 

BATH 

Fuel Type 

Graphite 

Graphite 

Composite 

Graphite 

* 

* 

* 

*Not Determined 
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Neutronics Model 



The neutronics model lor the NTR system was derived from modelling information in the NERVA database and is shown 
as on olevatlon view to Illustrate the modelling del ail ol MONP models I ho MCNP analyses usetl the INDI/O V nurloai 
data library and were performed in the coupled neutron and photon solution mode to predict region power and required tuel 
loading to meet target objectives lot key neutronics parameters An actual NERVA system design configuration drawing 
is depicted to illustrate the modelling approach used 


N I P: System Concepts 


86 


Nl* -TIM 92 


MCNP Model for 25 Klbf Thrust Reactor 






nock well inte mnl lot m I 
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Key Parameter* 

2SK 

Filer tive Core Dlamator (in) 

18 80 

I im»I Support Ratio 

3 1 

Core 1 enrjth (in ) 

Si»(K> 

PeUvcint lltkkness (in) 

8 00 

No of Diums 

H 

Peak rnell oadmg 

600 

Z*H LoaJtfKj w.r.t. 5NRE 

1.0 



The MCNP model for ttie 25 Klbf Nrn engine and the predictor! key oaramoters .are shown in the table on the right. The 
design bases selected tor the small N I R engine size were derived fro n PEE WEE engine design information with a fuel-to- 
support tie tube ratio of 3: 1 , a 52 inch high active core, and 9 control dunes of a fixed diameter located a Ihe outer peripliery 
of the Be reflector region The peak fuel element uranium loading was limited to 600 milligrams/cm 3 and a maximum Zrf I 
loading in the tie-tubes An iterative process based on MCNP was used to size the reactor core and predict the fuel loading 
profits to meet the target objectives of an excess reactivity ot 0 05 and a flat radial power distribution 
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25 Klbf Thrust Engine 

Core Fuel Loading & Power Distribution 
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A normalized fuel loading profile predicted for the 25 Klbf NTR engine is shown as a function of normalized area parameter, 
R l . The normalized radiat power distribution as predicted in the final iteratloi of the analysis is shown to illustrate 
convergence to the target objective of a flat or uniform power profile The MCh * tally method provides II ie cell or ring 
average value and more detailed tallying techniques would he required to predic* the variation within oach fuel annulus 
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MCNP Model for 50 Llbf Thrust Reactor 





RocfcwvN International 

IMiUiMBhWH 


Key Parameter* 

50K 

Eftocllv© Coro Dtamater (In ) 

25.18 

r uef Support Ratio 

8:1 

Cmo Length (in ) 

52 00 

nollr;(rtor llilriiness (in) 

5 10 

No ot Drt*ns 

12 

frith 1 not looting 

CtXI 

Inacttng wit SNBE 

1.0 



Predicted neutronlcs parameters for a 50 Klbf NTR engine are shown In the table. Key differences In the design bases 
selected for this size of engine were a fuet-to-support tie-lube ratio of 6:1 and reflector thickness and number of control 
drums. The effective core diameter required to meet target objectives is 25.18 Inches. 
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Normalized Value 


50 Klbf Thrust Engine 
Core Fuel Loading & Power Distribution 


..-r' 


1.2 

1 

0.8 

0.6 

0.4 

0.2 


01 

0 0.1 

1^1 Rochw«1( International 

O Mt— 


X 




\ 


P/P (a vc.) 


-+— Loarling/600 mg/cc 


0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Radius Squared / Rmax ~ 2 ryj' 


1 
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The normalized fuel loading profile predicted tor the 50 Klbf NTR engine is shown as a function of normalized area 
parameter, R*. As shown, the fuel loading profile differs from the 25 Klbf engine data due to the larger size and the change 
to a 6:1 fuel support tie-tube ratio. The lower fuel loading required In the center of the core is related to the change in the 
moderation of the core and the Increase In median fission energy and the effect of radial leakage. 


NTP: System Concepts 


90 


NP-TTM-92 



MCNP Model for 75 Klbf Thrust Reactor 



Key PdimKeti 

75K 

FMer.fivfj Core Diameter (In.) 

30.66 

r«toi:Su|ipo(t Ratio 

6.1 

Core 1 engih (in.) 

52.00 

Reflector Thickness (in) 

4.785 

No ol Drums 

18 

Peak Foot Loading 

non 

ZrH Loading w.r.t. SNRE 

04 
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Predicted neutrooics parameters for a 75 Klbf NTR engine are shown in the table on the right. The 75 Klbf engine size Is 
similar to the NRX-A6 or R*1 size and the predicted parameters are comparable to the NERVA data. Key differences In 
the design bases selected for this size of engine were a decrease in the ZrH loading in the support tie-tubes of 0.4 with 
respect to the SNRE loading. The reflector thickness and number of control drums for the 75K engine are the R-1 
dimensions. The effective core diameter required to meet target objectives is 30.66 inches which Is similar to the NERVA 
design. . 
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Normalized Value 


75 Klbf Thrust Engine 



The normalized fuel loading profile predicted for the 75 Klbf NTR engine is shown as a function of normalized area 
parameter, R*. As shown, the fuel loading profile is similar to the 50K engine data and is comparable to NERVA loading 
profiles. 
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Reactor Size, Klbf 

Parameter 

25K 

50K 

75K 

Thrust (lb) 

25,000 

50,000 ^ 

75,000 

Fuel: Support Ratio 

3:1 

6:1 

6:1 

Power (MW) 

512 

1024 

1536 

Flow (Ib/sec) 

28.2 

56.3 

84.5 

Core Diameter (In) 

18.8 

25.2 

30.7 

ZrH Loading (Relative) 

1.0 

1.0 

0.4 

Reflector Thickness (in) 

8.Q 

5.1 

4.8 

Pressure Vessel OD (In) 

38.8 

41.9 

47.7 

Reactor Mass w/o Shield (lb) 

5180 

6250 

8040 

Reactor Mass w/Shteld (lb) 

6590 

8080 

10480 


* 
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A summary of the results of the preliminary sizing of NTH engines In the 25Klbf-to-75K*>f size range is shown in the table. 
The design bases used In the parametric analyses are listed on the left. The prismatic fuel element length of 52 Inches 
was adapted from NERVA and fuel performance limits defined based on the PEEWEE data. The predicted masses for the 
reactor system without and without shielding Illustrate the effect of engine size on the engine performance characteristics 
and sizes. The use of ZrH in the 75K engine size differs from the NERVA design and the impact on a reduced reactor size 
and mass is shown. The shield masses included In the summary table are based on the same thickness of shield with the 
mass differences only showing the change In shield diameter. 
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Heterogeneity Analysis 



* 
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A limited study ot the homogeneous region modelling technique tor the prismatic fuel element core lattice with ZrH 
moderated support tie-tubes was carried out using the MCNP method. A unit cell model of a 6:1 fueMo-support tie-tube 
configuration Includes an annular model of the ZrH moderated tie-tube and the 19 coolant hole prismatic fuel element. A 
series of unit cell MCNP calculations were run to predict the effect of the ZrH tie-tube on tocat power distributions and to 
predict material or material interchange reactivity worths on a unit cell basis. 
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Effect of Modelling on Element 
Power Distribution 


Effect ol Modelling Approximations 
on Element Power Distribution 



Effect of Material Changes on Element 
Power Distribution 



vr(7fH)-l 0 Hh- VF<ZfH)-0 5 Vr<Zrt l)-00 -A- TT I I2@50K 
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Comparisons of the effect of heterogeneous versus homogeneous modelling on the power distribution In the prismatic tuel 
assembly Is shown in the left figure. The homogeneous model in a unit cell was derived by volume weighting of the 
prismatic fuel element, tie-tube materials, and hydrogen coolant of the tie-tube and fuel element. The comparison shows 
a peak to average local channel power of 9-10% for the explicit model of the unit cell. The smear modelling of each fuel 

element or tie-tube provides similar peak-to-averaoe values. Slvown In the right figure Is the effect of e decrease In ZrH 
volume fraction or the introduction of cold (50K) hydrogen In the upward pass of the tie-tube. The maximum affect on local 
power occurs when the ZrH tie-tube is flooded with H, coolant at 5QK. 
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ANALYSES OF 50K ENGINE DESIGN CONCEPT 



• Reactivity Coefficients 

• Component Nuclear Heating Rates 

• Reactor Radiation Fields 

- Shielded (R-1) 

- Unshielded 

- Reduced Shield 

• Material Temperature Limit Assessment 

• Tie-Tube Thermal Analysis 


* 
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Neulronics analyses of the NTR 50K engine configuration delmed earlier were expanded to provide mote detailed core 
performance data. The limited analyses were performed with a more delailed MCNP model to predict the design data for 
key design parameters as listed on the facing page. Included in Hie more detailed analyses was, 1) the prediction of 
reflector control drum worths and span, and 2) reactivity change due to water immersion of the nuclear system In addition, 
component nuclear heating rates arid radiation fields external to the reactor system are predicted and shown in later pages 

In addition, evaluations of the component temperature limits needed for restartability studies and analyis of tie-tube thermal 
perform ince are shown In Inter pages 
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Reactivity Relative to Critical (S) 


50 Klbf Thrust Engine 
Control Drum Reactivity 




WttiiftfhoMt Electric Co?orMiQ» 


The predicted reflector control drum reactivity relative to the critical condition is shown on the facing page. The results of 
the Individual MCNP calculations with the explicit modeling of the control drums in MCNP method provide results In 
agreement with NERVA predictions and illustrate the drum span available for control and shutdown of the 50K engine. 
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Reactivity Coefficients 


Case: 50 Klb, Thrust Engine 


PARAMETER CHANGED 

REACTIVITY CHANGED 

Drum Worth (@ 80°) 

7.30/° Rotation 

Core Volume 

38.90/% 

Fuel Loading 

15.60/% 

ZrH Loading 

19.20/% 

Reflector Thickness 

18.70/% 

18 Drums (7.34$ span vs. 5.83$ for 
12 Drums) 

-$2.1 


* 
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The predicted reactivity coefficients or worths for key design parameters are listed on the facing table. The predicted drum 
worth Is based on the 80 degree postion. The value of 7.3 cents/degree is In close agreement with the NERVA predicted 
value. Reactivity coefficients tor changes In the reactor configuration, fuel loading, ZrH loading In the tie-tubes, and reflector 
thickness provide data for evaluating design configuration changes. The largest value Is I he core volume coefficient which 
Is attributed to the change In neutron leakage from the core. Shown also Is the effect of changing the number of reflector 
control drums from 12 to 18 drums. 
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Keff of Immersed Reactor 


1.6 


Reactivity of Immersed 50K NDR 


\ 


Control Drum Anglo ot 80° 


1.5 
1.4 
1.3 
1.2 
1.1 
1 

0.9 

0.8 i i 1 i 

0 0.5 1 1.5 2 2.5 3 3.5 4 

0 ^ nockmuiMwmHwiai Volume Percent of Boron Material In Coolant Channels 


i 

2 


4.5 


Wed tie CespotMitt 


Predictions of the effect of water immersion of the entire reactor system was modelled In MCNP by replacing the H, coolant 
modelled In each region with water and surrounding the entire system with water. The reflector control drums were parked 
and a boron-containing material was substituted for a fraction of the fuel element coolant channel volume. The reactivity 
change from the base case is shown as a function ol the volume percent of coolant channel displaced by the boron- 
containing material. A value of five (5) percent by volume of the coolant channel is a 62 mH boron wire in 7 out of 19 
coolant channels In each prismatic fuel element ol the core. The reactivity insertion provided by the 5% by volume of boron 
wires is approximately -74$ with the water immersion of the system resulting in a +50$ reactivity insertion. 
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COMPONENT HEATING IN 50K REACTOR 


COMPONENT 

Power, Mw 

PERCENT OF TOTAL 

Core Fuel and Supports 

1000 

97.66 

Core Periphery (Filler & Seals) 

6.6 

0.65 

Cora Barrel Structure 

2.4 

0.24 

Reflector & Control Drums 

11.4 

1.12 

Cora Support Plate & Hardware 

1.4 

0.13 

BATH Shield 

0.7 

0.07 

Balance of Reactor 

1.4 

0.13 

Total 

1024 
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A summary of the nuclear heating of the major components of the 50K engine is shown on the facing page. The MCNP 
cell tally method was used to predict the component heating rates. 
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REACTOR RADIATION FIELD 
TALLIES IN MCNP-3B CALCULATIONS 

(Type and Units) 


Radiation Field Type 

Energy Bln 

Units 

Heating Rate In Hydrogen 


W/kg 

Heating Rate In Carbon 


W/kg 

Heating Rate In Stainless Steel 


W/kg 

Neutron Flux 


n/cm*«sec 

Neutron Flux, 1 MeV Equivalent In SI 


n/cm*-sec 

Neutron Fast Flux 

>1 MeV 

n/cm'-sec 

Neutron Intermediate Flux 

0.1 MeV -1.0 MeV 

n/cm’-sec 

Neutron Epithermal Flux 

0.4eV - 0.1 MeV 

n/cm*-«ec 

Neutron Thermal Flux 

< 0.4eV 

n/cm’-sec 

Neutron Dose Rate In Hydrogen 


Rad/hr 

Neutron Dose Rate In Carbon 


Rad/hr 

Neutron Dose Rate In Stainless Steel 


Rad/hr 

Gamma Dose Rate In Hydrogen 


Rad/hr 

Gamma Dose Rate In Carbon 


Rad/hr 

Gamma Dose Rate In Stainless Steel 


Rad/hr 

Gamma Dose Rata In Silicon 


Red/hr 


| Rockwell International 


The prediction of the radiation environment external to the 5 OK engine were performed using the MCNP cell tally methods. 
Three engine models were analyzed; 1) the conceptual design sized using MCNP In the neutronics design tasks described 
earlier, 2) all Internal shield materials removed, and 3) a modified design with a reduced mass of Internal shielding. Each 
of these models only include the reactor system and the engine components external to the reactor vessel, e.g., tanka, 
piping, nozzle, are not Included in the model. The engine components external to the reactor vessel can contribute to the 
environment within the internal shield shadow cone and should be included In future studies. The MCNP modelling used 
a series of annular ring cells Imposed external to the MCNP R-Z model of the NTR reactor system for purposes of tallying 
the desired radiation environments. The facing page summarizes the type of radiation field tallies used in MCNP and either 
the neutron energy range of the neutron flux tally or the units of heating or neutron or gamma dose rates. 
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RADIATION FIELDS FOR A 50K SHIELDED 

REACTOR 

50K Shielded, Log Gamma Rad(C)/hr 



Z(cm) 


50K Shielded, Log Total Healing Kale W/kg O 
300 
?f)0 

_ ?oo 

§ 150 
^ 100 
50 
0 

100 200 300 400 500 600 

Rockwell Met nettonal 


50K Shielded, Log Pnsl Neutron Flux n/cm2-scc 



Z(cm) 

• Standard R-1 Shield 

• 12.3' Thick Bath Shield 

• 1.3" Thick Lead Shield 



WeHing^Mw lilretru; ('n^mrMMw 




The radiation environment of the original 50K engine design Is shown on the next two facing pages for three key tallies. 
The first 50K engine design used for this analysis included the standard NERVA R-1 Internal shield configuration of 12.3 
Inches (31 .25 cm) of BATH shield material and 1 .3 inches (3.3 cm) of lead (Pb) shielding. The second page Is lor an engine 
design with the internal shields removed. The predicted radiation environments for the shielded case are lower than tfte 
design requirements. 


NT?: Svstem Concepts 


102 


NP-TTM-92 



R(cm) R(cm i 


RADIATION FIELDS FOR A 50K 
UNSHIELDED REACTOR 


Log Gamma Rud(C)/hr 



Log Fast Nculion Flux n/cm2-scc 



UK) POO 300 400 MX) |]fK) 

Z(cm) 


lx)g Total Healing Rale W/kg C 



0 ^ Rocfcwe* Inter national Z(CfD) 

R*rlMdr«* (H>Wm 


Zero Added Shielding 
No Bath or Lead 


No Shield Support Plates 
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RADIATION FIELDS FOR A 50K REACTOR 
WITH A REDUCED INTERNAL SHIELD 


• Radiation Field Criteria* (in Shield Shadow Cone) 

Gamma Dose < 1.8 x 10 7 Rad(C)/hr 

Fast Neutron Flux < 2.0 x 10' 2 n/cm 2 -sec 

Intermediate Neutron Flux < 3.0 x 10' 2 n/cm 2 -sec 
Thermal Neutron Flux < 6.0 x 10" n/cm 2 -sec 

• Reduced Shield Concept: 

Eliminates Lead Gamma Shield 
- Reduces BATH Thickness from 12.3" to 9" 

• Reduced Shield Peformance ~ 900 ib. Reactor Weight dvfer Standard 
Shield 

900 Ib Mass Savings versus R-1 Type 
Meets Above Criteria (Design Margin > 2.6) 


• Per NASA Directive 


* 


Rockwel (nterrttttorwl 
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Based on the design requirements Imposed on the fntemal shield design of the NTR engine, a reduced Internal shield with 
nine (9) Inches of BATH shield material and no lead (Pb) shielding was modelled and the resulting radiation environments 
compared to the standard design described earlier. The facing page lists the radiation field design requirements specified 
for the NTR engine. The reduced shielding configdraton meets design requirements with a design margin in the shadow 
cone of the Nernal shield of a factor of 2. The design change results In a reduction In shield mass of approximately 900 
pounds.. 
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MATERIAL TEMPERATURE LIMITS 


REGION 

MATERIAL 

REUSE TEMP (K) 

ALTERNATE 

MATERIAL** 

TEMP (K) 

Fuel Element 

Graphite 

2500 



Other Core Materials 

ZrH s 

1000* 

No 



1-718 

900 

HD-Moly 

2000 


A-286 

900 

Superalloys 

-1400 


SS-304 

750 

Superalloy9 

-1400 

Reflected Materials 

Cu-B 

1200 




Be 

1400 

No 


Vessel Materials 

AI-6061 

400 

Nl, Fe Alloys 



Tl 

800 

Nl, Fe Alloys 


Shield Materials 

BATH 

550 

1 




Lead 

1 -550 

Tungsten 

i 


*Must be pressurized with hydrogen (> 10 TORR) 

**No materials Identified which provide a capability without significant mass, performance or 
design penalty 
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Temperature Profiles @ Elevations 
in Tie Tube for Full Power Conditions 




* Top + Middle x Bottom 


* 
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The tie tube assembly serves two purposes: provides the lateral support for the fuel elements, and heats hydrogen 
propellant used to drive the turbopump. 

The thermal analysis of (tie tie tube assembly was performed to establish the adequacy ot the design In terms of component 
temperature and to determine the energy transferred to the hydrogen. The thermal model used for the analysis employed 
axially dependent heat generation and boundary temperature conditions, temperature and flow dependent hydrogen heat 
transfer coefficient, and temperature dependent material properties. The thermal model will be used to perform parametric 
steady-state analysis, as well as transient analysis of throttling conditions. 

The radial temperature distribution at three locations (top, middle, and bottom) of tire tube assembly is shown on the facing 
chart for full power conditions. 

The temperatures of the ZrH are critical since it has the lowest temperature capability of the materials used in the tie tube 
assembly. As shown, the maximum calculated temperature for the conditions used exceed 1000 K by a small amount at 
an internal node in the ZrH cylinder. The calculated heat transferred to the tie tube is 0.18 MW. 

The thermal model has been verified against the small engine in the Nuclear Engine Definition Study. The analysis 
demonstrates that the thermal conductivity of the ZrC Insulation is the largest factor in achieving the goal of 0.31 MW per 
tie tube. 
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ASSESSMENT OF FUEL TECHNOLOGY 



• Review of ROVER/NERVA Test 
Experience 

• Evaluate the Corrosion Mechanisms 
Affecting Fuel Performance 

• Define Problem Areas Needing Near- 
Term Solution 

• Establish Near-Term Fuel Performance 
Limits 

• Compare Near-Term Performance to 
Fast Track Needs 
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An assessment of tho N‘ HVA/Hovor ft 10 I technology of 10 72 is rioeded to establish expected performance parameters for 
the Fast Track engine tho fuel life fnr the Nnrva graphite typo prismatic fuel element is determined by the amount of 
graphite weight loss which can bo toloratod before the neutronir; margin ties been lost. The weight loss Irom tho fuel 
olernent is due to the corrosive effect nf hydrogen on tlte graphite, which is categorized as oittror "mid band corrosion," 
basically results in a chemical reaction of hydrogen and carbon in intimate contact, or "hot end corrosion," carbon diffusion 
through a protective coaling on the graphite surface. 

Great strides were made rural the end of the NFRVA/f Inver program in understanding and eliminating the mid-band 
corrosion, and it is a basic promise that this corrosion mechanism im suppressed in order to support the needs of the Fast 
Track program. 

Rased on the reactor/engine testing program, and the non nuclear corrosion tosling of fuel elements using the improved 
GEM coatings, the performance limits of "near term" fuel elements were established. The expected fuel element 
performance was then compared against the needs of tho Fast I rank program 
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Fuel Elements 


• Sustain controlled nuclear heat generation 

Pyrocarbon coated UC 2 fuel beads dispersed 
through AXM graphite matrix (630 mg/cc 
maximum fuel loading 

UC 2 -ZrC In composite with graphite 
(700 mg/cc maximum fuel loading) 

• Limit total reactivity loss to $1.00 at end 
of life 

Carbide coaling of flow channels 

• Promote heat transfer from fuel element to 
H 2 propellant 

19 flow channels in each 3/4 in. HEX 
52 in. long fuel element 
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I ho Nf RVA/Rover prismatic graphite fuel olomont is 075 Inch across the (tats, and 52 Indies nmc; \\ <:•. ‘mains 19 Dow 
holes (approximately O ' inch in diameter). AH graphite surfaces have a protective AC or Nh( nyor in protect it from the 
hydrogen. 

UC 2 fuel beads coated with pyrocarbon are dispersed through lire matrix at a maximum fuol loading o< G30 my'nc. For \im 
more recent composite type fuel element a maximum fuel loading of 700 mg/cc is achievable 

Nuclear design of the NFRVA reactor limits the reactivity loss to approximately t$ at the end of fun' lire Since me reactivty 
loss is mostly a result of loss of carbon due to Die hydrogen corrosion, protective coalings are used in redii- h Die rale if 
carbon loss 
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Fuel Element Comparison 



COATED-PARTICLE 

MATRIX 


COMPOSITE MATRIX 
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For all the NRX reactor and engine tests, the graphite-type fuel was used. However, toward the end of the NERVA/Rover 
program composite fuel emerged as the most promising candidate in reducing the hydrogen corrosion and In increasing 
the temperature capability of the prismatic fuel element. 

The composite fuel element consisted for a dispersion of UC ZrC web In Urn graphite substrate Since this web is 
continuous, and essentially unaffected by hydrogen, it acts as a barrier and limits the carbon toss from the fuel. 
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Major Milestones in Fuel Development 


• Graphite Fuel Element/HED NbC Coating (NRX-A2/A5) 

• Graphite Fuel Element/HED NbC + Molybdenum Coatings (NRX-A6/XE) 

• Graphite Fuel Element/GEM NbC/ZrC Coatings (PEWEE) 

• High CTE Graphite Composite Fuel Element/GEM ZrC Coating 
(Nuclear Furnace -1) 

• Carbide Fuel Element (Nuclear Furnace -1) 


* 


Rockwell Inter national 



WcMmfWwM* I'icxVfic 


The standard graphite fuel element with a HED NbC coating was used on NRX-2A/5A reactor series. The HED coating 
process resulted In a coating with a significant number of cracks, which seemed to have an adverse ettect on the mid-band 
oorrotton protection. In order to Improve the mid-band corrosion performance of these elements, a molybdenum overcoat 
was applied to the fuel for NRX-A6/XE prime reactors. 

The next improvement in the coating technology came with the lower temperature coating process, GEM, whereby ZrC or 
NbC coating could be applied without crack9 in the coating. Fuel elements with this coating process were run In Pewee, 
but resulted In significant mid-band corrosion. 

The fuel elements for the Nuclear Furnace- 1 (NF-1) were of the high CTE graphile composite type with GEM ZrC coating, 
which were predicted to have eliminated the mid-band corrosion based on non-nuclear corrosion testing. Pure (U,Zr)C fuel 
elements were also tested in the nuclear furnace. These were manufactured as small hexagonal rods with a single cooling 
channel in the center. The carbide tuel elements were projected to have very low corrosion rates and very much higher 
temperature capability than both the graphite and the composite fuel elements. 
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NERVA/Rover Fuel Performance 


REACTOR 

FUEL EXIT 
TEMP. (K) 

TIME AT MAX 
TEMP.(mln) 

AVG.WEIGHT 
LOSS PER 
ELEMENT (g) 

TOTAL 
REACTIVITY 
LOSS (C) 

NRX-A2 

>2200 

3.4 

0.7 

12 

NRX-A3 

>2400 

16.5 

16.5 

58 

NRX-EST 

>2400 

26.6 

31.5 

320 

NRX-A5 

>2400 

30.1 

27.1 

223 

NRX-A6 

>2556 

62.7 

13.2 

70 

NRX-XE 

>2400 

10.3 

7.3 

- 

PEWEE-1 

2750 

43 

20 


NF-1 

2450 

109 

13.7 


PHOEBUS IB 

2445 

30 

13.7 

_J 
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As a result of the Improvements In the corrosion resistance ot the luel dements, the NERVA/Rover reactor tests showed 
a gradual increase In temperature capability and time at maximum temperature. The fuel tile is dependent on tlie weight 
loss for the elements, and the resulting reactivity toss. Based on a reactivity margin of 1$ for corrosion from the fuel, the 
NERVA/Rover fuel life corresponds to a 15 to 20 g fuel element weight loss. 
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Corrosion of Rover/NERVA Fuel Elements 
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The corrosion behavior along the length of the fuel element showed two different characteristics From an axial position 
of 200mm to approximately 650mm from the cold end, an enhanced corrosion (called the mid -band corrosion) dominated. 
The temperature regime for this mechanism is 1000 to 2000 K, significantly below the maximum fuel temperature. In the 
progression of coaling and fuel element improvements, there seemed to be negligible Improvement in mid-band corrosion 
except for the demonstrated benefit of the molybdenum overcoat. From approximately 650mm to the hot end of the fuel 
element (called the hot end corrosion), the corrosion rale seemed to temperature related, and a significant decrease in the 
corrosion rate was observed as the coatings were Improved. Electrically heated fuel element corrosion tests performed after 
the NF-1 testing demonstrated further improvements in the hot end corrosion rate, including a 10-hour life of a fuel element 
demonstrated by Westing house. 
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Key Reference Points For Fuel Experience 


REACTOR 

TEST 

TEMP 
FUEL EXIT 
(K) 

TIME (MIN) 

CYCLES 

TOTAL 
LOSS (G) 

MIDBAND 

(6) 

HOT END 

(G) 

NF-1 * 

2444 

108.8 

4 

13.7 

8.6 

5.1 

NRX-A6 ** 

2556 

62.7 

1 

12.8 

2.3 

10.5 

INRX-XE ** 

-2450 

10.3 

28 

7.3 

°« ... 

6.7 


• Replacement composite fuel elements with crack free ZrC coating (GEM) 
•• Graphite fuel elements with NbC coating and molybdenum overcoat 
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The most successful graphite fuel elements were those tested In NRX-A8, which were also used In NRX-XE prime engine 
configuration. These fuel elements utilized the HEO NbC coating with molybdenum overcoat, and demonstrated a significant 
reduction in the mid-band corrosion compared to earHer NRX series tests. 

The alternative fuel element technology Is the composite, which was tested in NF-1. These elements, which were called 
the "replacement elements," were high CTE graphite coated with a superior ZrC coating (free of initial cracks) applied by 
GEM process. 

The weight loss results for the A -6 and the XE prune fuels indicate that the A -6 vintage fuel has a significant sensitivity to 
thermal cycling. The NF 1 composite fuel elements demonstrated better hot end corrosion than the A-6 graphite fuel: 
however, a surprising degree of mid band corrosion was stilt present. 
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NF-1 Fuel Damage Explanation 



Mid-band corrosion did not occur in the electrical testing of the composite fuel elements for NF-1, but caused the most 
significant weight loss during the reactor testing. Mid-band corrosion Is believed to be a result of decreased thermal 
conductivity, possibly caused by fission fragment damage to the graphite matrix. The reduced thermal conductivity results 
in higher thermal gradients and increased thermal stresses, which causes cracking of the protective coatings and allows 
hydrogen to react with the graphite substrate. Mid-band corrosion must be fully understood and suppressed to meet 
performance requirements of the Fast Track program. Use of a molybdenum overcoat on composite fuel elements, or 
improved fuel particle coating in the graphile fuel to trap the fission fragments, are potential design solutions to mid-band 
corrosion. 
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Composite Fuel Element 


Hot End Corrosion Rate 
Bore Surface Temperature, K 



Composite fuel element testing provided a good correlation between the hot end corrosion measured In electrical testing 
and that observed In the NF- 1 Hot end corrosion Is caused by carbon diffusion through a protective coaling and, therefore, 
Is sensitive to the Integrity of the coating, the coaling thickness, and the temperature of the coating and fuel substrate. 
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Near Term Fuel Element 



2 

01 

Composite 3 

(NFl Technology) *• 


Graphite 

(A6 Technology) 
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Based on the assumption that the mid-band corrosion will be suppressed in near-term fuel elements, and the hot end 
corrosion rates measured in electrical testing and NF-1 testing, performance limits for near-term composite fuel can be 
calculated. Similar performance data can also be generated tor the NRX-A6 type graphite fuel 


Comparing the projected near-term graphite fuel performance NRX-6A type with the composite fuel (NF-1 type) shows a 
100-120. K temperature advantage for the composite fuel. 

The improved performance of composite fuel Is attrfeuted to either the projected improvements In corrosion due to the 
composite fuel form or Improved coatings used for NF-1 fuel elements. The Improved coatings of NF-1 fuel elements are 
considered the most likely contributor to Improved fuel performance. 


NP-T1M 92 


117 


NTP: System Concepts 



Summary and Conclusions 


• 1972 Fuel Technology was making progress toward meeting life/performance specifications 
consistent with current Fast Track requirements 

understanding of midband corrosion was being developed 

excellent hot end corrosion protection (ZrC on high CTE graphite) was demonstrated 

• Corrosion limit for fuel elements was established based on 1$ reactivity loss 

• for NERVA type reactors, this translates into 1 5 to 20 grams corrosion loss per element 

• Near term fuel development must resolve midband corrosion problem 

fission fragment damage to graphite may be reduced by beaded fuel in graphite and 
composite matrix 

molybdenum overcoat may suppress midband corrosion 

• improved graphite matrix may reduce or eliminate problem 

• Near term composite fuel will have 4.5 hours life at 2470K to 2520K fuel outlet temperature 

• near term graphite fuel based on GEM ZrC/high CTE graphite is expected to perform 
similarly to near term composite fuel 

• Near term fuel elements are expected to provide ISP -850 seconds 
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Assessment of Nuclear Safety Issues 


• Nuclear Safety Policy Working Group (NSPWG) 
Recommendations 

• Accidental Criticality Sources for NERVA Derivative 
Reactor Design 

• NERVA Safety Approach 

• SP-100 Safety Approach 

• NERVA Derivative Safety Approach 
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An assessment of the nuclear safety Issues for a nuciear thermal propulsion system must be made based on the current 
regulatory guidelines, and Ihe recommendation from the Nuclear Safety Policy Group (NSPWG). Starting with the accidental 
criticality sources for the NERVA derivative reactor design, the safety approached developed for the NERVA flight engine 
and the current SP-100 reactor safety approach, and ttie planned NERVA derivative safely approach will be discussed. 
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Assessment of Nuclear Safety Issues 

From NSPWG & NP002 Safety Recommendations 

• No Inadvertent reactor startup 

Zero power testing on ground 

- Startup after achieving planned orbit 

• No Inadvertent criticality 

Subcrltlcal under ail credible accident conditions 

- Highly reliable control system 

• No significant radiological release or exposure 

Only zero power testing prior to achieving planned orbit 
29CFR1910.96 dose limits to flight crew 

- Insignificant Impact to population of Earth 
Insignificant Impact on Earth and space environment 
Spacecraft not rendered unusable when crew survives accident 
Radiological release not Impair use of spacecraft 
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Assessment of Nuclear Safety Issues 

NSPWG Safety Recommendations (Cont'd) 

• No planned reentry 

- Minimize probability of Inadvertent reentry 

- Minimize consequences of inadvertent reentry 
(high alt. disposal or Intact reentry) 

Subcrltlcal at all times 

Minimize Impact dispersion 

• Minimize hazardous materials release 

• ^Ensure safe disposal 

Part of mission planning 

- Adequate and reliable cooling, control and protection 
Ensure non-premature final shutdown 

• Safeguard nuclear material 

Positive measures to prevent theft, diversion, loss or sabotage 
r Features to enhance safeguards and permit proven methods to be employed 

PaqHIva mon«tiroo or faoti iroo lor rorr»«/orw InrluHtnn loft i cion onrl troHklno 


The NSPWG recommendations for safety requirements and guidelines addresses the protection of the public, the crew, tho 
environment (both Earth and space environment), and Includos recommendations for the safe disposal of the spent reactor 
system. 
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Assessment of Nuclear Safety Issues 

Accidental Criticality Sources and 
Potential Countermeasures 


Accidental Criticality Sources: 
Source 

Maximum Reactivity Insertion 

Core Compaction 

-* $6 (80% Theoretical density) 

External Neu iron Reflection 

- $3 

Control Drum RoTl~Cul 

33 {34.50 Drum Span} 

Hydrogen Insertion 

*383'"' 

Water Immersion 

“ 376 I 

CIM 

Negative Reactivity Worth 

Central + PerlpherafPolson Wires 

-$90 “ "" ""'5 

Central Poison Wires Only 

^~$T 0 | 

Control Orums^Locfced" Full-ln 

$1.50 at Ambient Temperature ' " 

Safety rods 

« $90 " ‘ | 

•Limiting reactivity addltlonir the core could be completely flooded with high density LH r | 
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The sources for accidental criticality of a NERVA derivative reactor are core compaction, external neutron reflection (from 
water or soil), control drum rollout, hydrogen flooding, and water immersion. The countermeasures lor reactivity events must 
assure a subcritical condition with a negative reactivity margin of 1$. 

For the NERVA reactors the criticality margin was assured using poison wires (7 for each fuel element). Other reactivity 
control means for NERVA-lype reactors are the control drums or the possible introduction of safety rods within the core. 


NI>-TIM-<>2 


121 


NTP: System Concepts 



Assessment of Nuclear Safety Issues 

NERVA Safety Approach 


• Poison wires in core after assembly for shipping 

~7 Boron/aluminum wires/elements 
Wires would be removed before launch 

• Redundant safety features to preclude drum roll out 

Permanent magnet stepping motor used In control drum drive actuator 

Drum rollout requires erroneous command signal and closing electrical power circuit 

• Antlcritlcallty Destruct System (ACDS) 

To fracture reactor by use of explosives 
No more component greater than 3 fuei element 

• Prevention of hydrogen insertion 

Closing PFS valves when flooding Is detected within 300 seconds of full leakage 
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For the NERVA reactors the poison wires were primarily used to maintain the fully assembled and fueled reactor m a safe 
condition during transportation from the assembly area in Large. Pennsylvania, to NRTS. For a flight reactor the poison 
wires were to be removed prior to launch Redundant safety features were used to preclude drum roll-out prior to the 
planned reactor startup In a safe orbit. To preclude criticality events for a launch accident or an inadvertent reentry event, 
an Antlcrlticallty Destruct System (ACDS) would be used to break up the core. 

Hydrogen flooding of the core was precluded using redundant valves and hydrogen sensors 
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Assessment of Nuclear Safety Issues 

SP-100 Safety Approach 

• Two redundant shutdown systems 

Moveable reflector segments 
Multiple safety rods 

Only planned use for ultimate shutdown 

• Rhenium liner at core periphery to absorb thermal neutrons 

Water Immersion 

• Inadvertent reentry and Earth impact 

Reactor remains intact and subcrltlcai 
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The SP-100 space power reactor system (SPRS) has been subjected to more extensive safety evaluations based on current 
guidelines. The decisions made and planning for the SP-100 SPRS will most probably apply to the NT R. ’ 

The SP-100 safety approach employs two redundant systems, moveable reflectors, and salety rods. The safely rods are 
designed to provide for permanent shutdown of the SP-100 reactor system after the completed mission However, the 
safety rpd design allows for the retraction of the rods from an unplanned insertion. 

In addition to the moveable reflectors and safety rods, the SP-100 reactor includes a rhenium liner internal to the reactor 
vessel to capture neutrons thermalized external to the vessel and precludes back reflection from a water or earth immersion 
event. The SP-100 safety approach includes reactor system design features to assure an Intact inadvertenl reentry and 
earth impact event. 
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Assessment of Nuclear Safety Issues 

Safety Approach for NERVA Derivative Reactor 

• Preliminary safety evaluations have been Initiated 

• Current safety guidelines appears to require dual shutdown systems 

- Control drums for normal operation 
Safety rods for ultimate shutdown 

• As part of the safety study, the design team Is evaluating 

Retractable safety rods 

Neutron absorption at core periphery for Earth and water Immersion 
Impact of Intact reentry 



There has been no In-depth safety evaluation of the NERVA derivative reactor system completed to date. However, H is 
expected that the results of such an evaluation wiH be simHar to SP-100 safety approach adapted to the reactor design. 
Based on the current safety guidelines, Incorporation of dual or redundant safety shutdown systems will be needed to meet 
today's requirements. 

As part of an ongoing safety evaluation tor the NERVA derivative system Westlnghouse wW evaluate the use of retractable 
safety rods In the core and neutron absorbing liners at the core periphery to achieve the current safety guidelines. The 
design Impact of an intact reentry will be evaluated for the reactor design 
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Reactor Development 
Summary and Conclusions 

• Engineering and analysis of NERVA derivative reactors were successfully benchmarked 
against the NERVA/Rover test reactors for: 

Reactor size and neutronlcs performance 

Design characteristics such as fuel loading, ZrH moderator requirements, and control 
drum span 

Internal shielding performance 
Thermal performance of tie tubes 

• A reactor conceptual design for the NASA 50K fast track engine was validated neutronically 
and thermally by analysis. 

• The 1972 NERVA/Rover fuels technology must be recaptured and demonstrated. 

• Near term fuel technology must resolve the mid-band corrosion problem. 


• Near term fuel technology will meet fast track requirements. 

• NERVA/Rover safety shutdown systems appears Inadequate for today’s requirements. 

A secondary shutdown system will be developed for the NERVA derivative reactor 
designs. 
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In this project we performed trade-off studies, developed a single point conceptual reactor design and validated this design 
thermally and neutronically. 

The engineering and analysis supporting the trade-off studies and the point design were successtully benchmaued against 
the NERVA/Rover reactor designs The reactor size and neutronic performance was established tor a range of reactor sizes 
lor engines producing 25 K to 75 K lbs thrust The design characteristics such as fuet loading requirements and radial 
loading prolile. ZrH moderator requirements, control drum worths and control span, were established 

A reactor concept for the 50 K Ibf engine was developed and validated neutronically and thermally by analysis 

Internal shielding performance was established tor the standard ft- 1 shield configuration, an unshielded, and for a reduced 
shield reactor. 

The tie tube thermal performance was modelled, and evaluated for steady stale conditions. f raiJe studies will establish the 
range of ZrC insulation properties and thermal transient performance 

The fuel technology of 1972 (the end of the NERVA program; was evaluated. Tins technology must be recovered and 
demonstrated as a baseline. Further, this technology must be advanced by eliminating or suppressing foe midband 
corrosion problem to meet the fuel life requirements for the proposed missions. This "near term’ fuel technology will meet 
the needs of the feet track program, 

Reviewing the current requirements and recommendations for nuclear safety for the NTR, and the approacn *n*en by other 
space power reactor systems, leads to the conclusion that the NERVA/Rover safety approach must be upgraded. Current 
plans are to evaluate a secondary shutdown system for the NFRVA derivative reactor design. 
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50 K NTR, Expander Cycle, Dual T/P* 
Centrifugal Pump 


M 


Check Valve 


Pump 


Pump 




luibine 

P-B/5.5 
I-M4 5 
W-W \ 
O-iaBOB \ 
S.UH.T \ 

1 urbtrie 
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DUSION VALUES. 

PUMP I tOWHAlL (IUIAI ) 

pump disci iadge i*nrr»suiu 

HI IMHFFt OF M IMP STAGES 
IAIMPFFFICIFNCY 
1 1 IHHOI’IIMI* MI’M 
luimuPiiMi* powmoACH) 

UJRI3INE INLET TEMP 

NUMornor TunniNF stages 

IIJRRINF FFFICIFNCY 
MJimiNF PRESSURE MAIIO 
IUHBINE FLOW HAT E (EACH) 

HI AOKHWFNGINF. IHERMAI POWni 
I IJI I 111 LMINI I HANSEL. MIU D POWER 

com: iicnMAi power (run element* tie iude) 

ENGINE llinusi 

NO/ /I fcCHAMULR lEMPtHAIUMt 
CMAMHL-M PHbSSUHL {NOZ/I.E SI AGNATION) 

NO//I F EXPANSION AHfc A HA 1 IO 
NO//I F PFRCFNT IFNGIM 

VACUUM SPPCll 1C IMPULSE (UPLIVbHfcD) 


5/ sgiivsec! 
1./55 p;;ia i 
?! 

7?Rfl% 
47.500 nT*M 
3,0/0 IIP 
25/ 4 K 
1 

72.56% 
1,61 1 

17.fi? I R/SFC I 
1.031 7 MW 
*M»0 1 MW 
1.019 6 MW 

so.ooot nr 
?.B 5 l» k i 
784 PSIA I 
200 i j 
1 10% 

/ 

0G0 72 Si C ; 


Heal loads are as follows 


Nozzle-con (total): 29.44 MW 
Nozzle-dlv (lotal): 9.86 MW 

Reflector (lolal): 12.10 MW 

Tie-Tubes (total): 54.50 MW 


P 

I - 
W 

II = 


PSIA 
1)1. (i K 
1.0/S 
mu/m 


s - mu/i.Bn 


‘Note: Flows indicated are for one-half of system. 
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50K NTR, EXPANDER CYCLE, DUAL 171* 
CENTRIEIJCAL PUMP 


Hie 50K Full-thrust system balance propellant conditions are shown at key points on the schema lit Significant design values 
and component heat loads are presented in the tattles. 

T he pump inlet pressure was set at 32 psla, allowing a tank pressure of approximately 35 psia. The engine flowrate is 57.56 
Ib/sec (28.78 tb/sec for each pump). 'Hie pump pressure is 1,755 psia, resulting in a turbopuinp power of 3,870 Up (each). 
Approximately 60% of pump flow goes to the tie-tubes and approximately 5% goes to the mizzle jacket, providing cooling and 
energy to power the turbine. The balance of the pump flow cools the chamber jacket and the reflector before joining the (low 
exhausted from the turbines. 

The nozzle jacket (nozzlc-div) and tic-lulus provide total power of approximately 64 Mw to heat (hr turbine drive loop to 257K 
with a turbine Inlet pressure of 1571 psia. The single stage turbine has a flowrate of 17.6 Ih/sec and a pressure ratio or 1.61 
to drive the pump at 3,870 Hp and 47,500 rptn. Approximately 10% of turbine flow is bypassed around the turbine through 
a control valve to provide overall engine control in conjunction with the reactor control drum actuators. 

The turbine exhausts and turbine bypass flows are combined and discharged into the pressure vessel dome where they join 
with the flow which cooled the chamber jacket nod reflector. 'Hie total engine flow of 57.56 Ib/sec then cools the fuel elements 
of the raictur with a power of 965 Mw. Hydrogen exits the reactor at 2556K (4600K) and 7K4 psia. Ibis expands through 
the 200:1 expansion ratio, 110% length bell mizzle, providing a specific Impulse of approximately 869 sec and thrust of 50,0181 


A check valve function is provided at each pump discharge and a shut -off valve fumimii nt turbine inlet so that a 
malfunctioning turbopuinp can be isolated while maintaining engine operation. These functions may be satisfied by a 
scries/parallel arrangement of valves as was done with the NIsKVA R-l engine. Likewise, the schematic indicates only a single 
t it rhino bypass control valve. The arrangement of valves to provide redundancy and meeting "Nu< Jen r Thermal Rocket Engine 
Requirements,” NASA N.l\ KMI2, has not yet been addressed. 
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SPECIFIC IMPULSE ADVANCEMENT 


• X E-PRIME 710 SEC 

IV 2270K 

HI. FED CYCLE ('I'll RHINE 10% FLOW) 

NOZZLE £ OF 10 

REGEN COOL FUEL ELEMENT SUPPORTS +35 
AND CORK PERIPHERY 


INCORPORATE liXPANDER CYCLE +35 

INCREASE £ TO 200, 110%K +50 

INCREASE Tc TO 2550K (PKWKE) +40 

• PEWF.E-RASED, GRAPHITE ELEMENT ENGINE I, 870 SEC 

INCREASE Tc TO 2700K +30 

• COMPOSITE ELEMENT, ENGINE I. 900 Sl-X ' 
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SPKCIKIC IMI’IJLSK ADVANCEMENT 


The XKrPriou* is the baseline for nuclear thermal rocket engines, since it is the only engine configuration ever tested. This 
experimental engine was tested during much of the year in 1969, hut full power and performance were most notably achieved 
in June when a chamber temperature of 2270K (4090R) was achieved. Due to the facts that a tow expansion ratio (1(1:1) 
ground test nozzle was used, and that a bleed cycle was used to power the turbine which exhausted 10% of the engine now 
at low specific impulse; an engine specific impulse of only 7JI) seconds was realized. Specific impulse is increased by 35 
seconds by using regenera lively cooled (tie-tube) fuel clement supports in place of dump-cooled, tie-rod fuel element supports, 
and by using regenerative cooling instead of dump-cooling in the core periphery where the transition is made from the 
irregular boundary of the hexagonal fuel elements to the circular boundary of the seal segments for sealing and bundling the 
f core. 

Specific impulse is increased hy 35 seconds by using the expander cycle where the turbine exhaust is combined with the balance 
of the engine How and the total flow is exhausted at the high reactor exit temperature rather than using the bleed cycle where 
the turbine flow (10% of the engine flow) is exhausted at low temperature and degrades engine specific impulse. 

Specific impulse Is increased hy 50 seconds by increasing the nuzzle expansion ratio from the experimental ground test engine 
value of 10; 1 to 200:1 expansion ratio for a flight engine and using a 110% hell contour which provides the optimum lliriist 
coefficient for hydrogen at this expansion ratio. 

Specific impulse is increased by 40 seenmh hy increasing reactor exit gas temperature from the 2270K (4090K) of XE- Prime 
to the 2550K (4600k) of the IVwec Reactor test. 

Camming the above advancement results in the Pewee-Raserf, < Graphite Element, Engine Specific Impulse of 870 seconds, since 
the Pewee Reactor used graphite fuel elements. 

Specific impulse is increased by an additional 30 seconds if composite fuel elements where a reactor exit gas temperature of 
27O0K (4860R) can he achieved based on data from Nuclear Furnace, are used rather than the graphite fuel element with a 
reador exit gas temperature of 2550K (4600K) based on data from Pewee Reactor testing. This results in the Composite 
Element (Nnclear-Furnace-llased) Engine Specific Impulse of 900 seconds. 
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ENGINE LENGTH AND NOZZLE SIZING 


25K ENGINE 


STAGE REQUIREMENTS 


ENGINE LENGTH - 6.0M 
ENGINE I, - 870 SEC 

CHAMBER PRESSURE INCREASED 

FROM 621 PSIA (PEWEE) 

TO 784 PSIA 

MEETING REQUIREMENTS ANI) RESULTING IN: 
£ 200:1 

110% LENGTH 

50 AND 75K ENGINES 

USED 25K NOZZLE PARAMETERS 


£ 200, 110%L 
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ENGINE LENGTH ANI) NOZZLE SIZING 


Initial effort in the program covering 25, 50 and 75K thrust engines was directed on the 25K engine, since stage requirements 
were provided for this engine. Engine length was limited to 6.0 meters with a specific impulse of 870 seconds. 

To meet the stage requirements, the chamber pressure of 621 psiu frinn the Pewit* test condition had to Ik* increased to 784 
psia. The higher pressure is benenciai to the reactor core with regard to heat transfer and pressure drop. The resulting 
nozzle has an expansion area ratio of 200: 1 and a bell contour length of 1 10% of that for a 30 a conical nozzle With hydrogen, 
the 110% length provides maximum nozzle thrust coefficient for ail area ratio of 200:1. 

For the 50 and 75K engines, the same nozzle parameters of 200:1 expansion ratio and 110% length were used to result in a 
consistent family of engines from the standpoints of envelope, performance and weight. 
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NON-NUCLEAR COMPONENT TECHNOLOGY 


• CHAMBER TECHNOLOGY 

- ROVER-KIWI, PHOEBUS 

- INCONEL X TUBES 

- INCO 718 SHELL 

- FURNACE BRAZED ASSEMBLY 

- LIGHTWEIGHT 

- HIGH TEMP CAPABILITY 
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SSME 

- SLOTTED FORGED NARLOY 

- ELECTRODEPOSITED CU/NI CLOSURE 

- INCO 718 SHELL 

HIGH HEAT FLUX CAPABILITY 

- LOW WALL TEMPERATURE 

- SUPERIOR LIFE CAPABILITY 
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NON-NUCLEAR COMPONENT TECHNOLOGY 
CHAMBER TECHNOI X)GY 


Rock el dyne has two tech no log i«s applicable to the NIK Cham her, the convergent and low area ratio divergent component 
which attaches to the bottom of the pressure vessel and ducts the reactor exit gas through the sonic region, delivering it to the 
high expansion ratio nozzle. One technology comes from earlier rocket engine programs, including the Rover program where 
lobular- wall chambers were employed, and still are today for engines such as Alias and I Mia. The other technology is the 
slotted, one-piece, copper nail chamber used for the SSME. 

The Rover tubular-wall chambers (as shown in the photo) were used lor 7 of the IV reactors tested in the Kover/NK.RVA 
program, including Phoebus IK at conditions approaching I MM) EVhv, 750 psl chamber pressure, and throat heat flux of 30 
BTJJ/jn* sec. These chambers have a contract ion ratio of approximately 20 to interface with the reactor at an inlet diameter 
of approximately 35 inches, and an expansion ratio of 12 to exhaust into the atmosphere at NTS conditions. Inconel- X tubing 
was used with an Inconel 718 one-piece forged Shell/ Flange. The chamber was n furnace- brazed assembly. This technology 
provides a lightweight chamber with approximately IIMtOK (I760R) wall temperature capability 

The SSMR slotted, one-piece, copper- wall chamber ( as shown in the photo) was developed for and used oil all Space Shuttle 
Main Engines. Three SSMK.’s on each Space Shuttle flight have now powered over 50 missions, mid flight configuration engine 
testing exceeds 120 hours. The SSME chamber operates at a chamber pressure of approximately 3000 psi with a wall 
temperature at the throat of approximately 800K (I460R) and heat flux of approximately 100 BTU/iii J wc. The chamber has 
a contraction ratio of approximately 3 and an expansion ratio or 5 with a throat diameter or approximately 10 inches. The 
slotted, forged NARloy (Rocketdyne copper alloy) chamber liner is elect rodeposited on the outer envelope with a thin copper 
and then heavier nickel closure of the coolant slois. A welded Inconel 718 shell, manifold and flange assembly complete Hie 
chamber. This technology provides high heat flux (100 BTU/iu 1 sec) capability with low (1IMMIE) wall temperature. Although 
Hie weight is somewhat higher for no NTR tTiamher (linn with the tubular wall Rover rharnlvcr technology, HieSSMK ctiamher 
technology is favored due to superior Life Cycle capability and general robustness. 
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NON-NUCLEAR COMPONENT TECIINOLOCIY (CONT’I)) 


NOZZLE TECHNOLOGY 
- SSME 

- A-286 TUBES 

- FURNACE BRAZED ASSEMBLY 


TURBOPUMP TECHNOLOGY 
- INDUCER 

- Mk I5F, Mk 25 

- 2-PIIASE PUMPING CAPABILITY 

- TITANIUM 



IMPELLERS 

- SSME II PIT P 

- TITANIUM 

- BEARINGS - HYDROSTATIC 

- Mk25, Mk29FD 

- TURBINE 

- TITANIUM, A-286, OR 718 
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NON-NUCLEAR COMPONENT TECHNOLOGY ll'ONi'l).! 
NOZZLE AND TURBOPUMP TECHNOLOGY 


Rocketdyne high-expansion-ratio, regcneralively-cnoled, nozzle tech oology is exemplified by the SSME nozzle shown in the 
photo. The construction is tubular- wall, using A 286 tubes, fiirtiacc-h razed assembly, in order to reduce the weight of Ibis 
large nuzzle. The nozzle inlet is an area ratio of 5 with an exit area ratio of 77.5. I'he nozzle length is approximately Ml It. 
with an exit diameter of approximately 7-1/2 ft. I'he nozzle employs approximately 1.000 thin wall, A-286 tubes. As with 
the chamber, this SSMK technology provides capability beyond the requirements of the NTH, icsultiug in a robust design. 

Rocket dyne technology applicable to the NTK turhopoinp draws on elements from several programs; however, is best 
exemplified by the Mark 29K (shown in the phnto) which was developed as the liquid hydrogen (mhopump for lhe,|-2S engine. 
Rocketdyiie initialed design and development of large, liquid-hydrogen Itirhopmnps in 1058 under Ihe Rover program for 
application to nuclear rockets. Successful testing of the first large liquid-hydrogen (Mark 9) pump in I960 allowed 
couiinltmetit to the J-2 engine which used the Murk I3E (derived from Mark 9) axial, llqul«l-hy drogen |iunt|>. The Mark 0 
and evolutionary Mark 25 turbopumps were used for II of the 19 reactors tested in Ihe Rover/NKRVA program and in the 
Hum Brook III NTR cold-flow engine simulation I ext stand. 

Inducer technology for liquid-hydrogen pumps is exemplified by 2-pliase testing of the Mark J5K ami Mark 25 at inlet vapor 
volume fractions of up to 30%. I^ow flow-coefficient , larger diameter inducers were then fabricated for these pumps and tested 
to even higher vapor volume fractions, this capability provides for pumping of liquid hydrogen from a saturated tank without 
the need for pressurization to provide net positive .suction head at the pump inlet. Ibis provide', weight savings to the stage 
in taukweighl, pressman! and storage tank weights, and vented propellant weight. 

I’he liquid hydrogen centrifugal pump technology of the Mark 291 was advanced with (lie SSMK. High Pressure Fuel 
Turhopump. Significant improvement ill efficiency was achieved. 

Hydrostatic bearings were demonstrated in the Mark 25 pump in testing in 1972 at NTS. Those bearings used interior roiling 
element bearings which provided the rotation a lower speeds during Ihe slow start-lip and very slow shut-down associated with 
NTR’s. This arrangement considerably reduces the l)N requirement mid life requirement for Ihe rolling element hearing ami 
allows use of radiation-resistant cage materials. Pure hydrostatic hearings in liquid hydrogen is an ongoing development with 
the Mark 2VFI). 

Due In the low inlet temperature (approximately 3IMIK) and single stage »| the expander cycle Inrhiitc. Ihe tin him* technolog) 
for the NTR is simplified compared lo the high lemperatnre, multi-stale turbines developed for most rocket engines. Areas 
of concern are hydrogen embrittlement and liydiidiog til which Uorkrtdviie has much nf Ihe win If I v applicable rxpeiienie 
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50K PEWEE-DERIVED DUAL-TURBOPUMP NTR ENGINE 
CHANGING REACTOR SUPPORT RATIO 
SIGNIFICANTLY IMPROVES T/W r 



3:1 

MILL ELEMENT/ 
SUPPORT RATIO 

A WEIGHT 
3 TO 6:1 
RATIO 

6:1 

EUEL ELEMEN T/ 
SUPPORT RATIO 

REACTOR 

8,200 

-1,950 

6,250 

NOZZLE 

1,200 

f 20 

1,220 

TURBOPUMP 

270 

+ 10 

280 

LINES AND 
CONTROLS 

860 

+ 60 

920 

SHIELD 

1,100 

-250 

—850 


11,630 LB 

-2,110 LB 

9,520 LB 

ENGINE 1/W 

4.3 


5.3 
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SMC PEWEE-DERIVED DUAL-TURBOPUMP NTR ENGINE 
CHANGING REACTOR SUPPORT RATIO 
SIGNIFICANTLY IMPROVES T/We 


Between the conceptual sizing of the 50 K reactor ;iimJ preliminary sizing, Westinghouse determined through nuclear analysis 
Ihat a 6:1 Fuel Element to Support Element Ratin could he used rather than a .VI mfio, resulting in higher power density and 
less weight for the SOK reactor. Thus, Hie 50K core is more similar lo the 75K core, which uses a 6:1 support ratio (as used 
in RIWI-R4, NRX and Hinebits reactors), rather than the 25K core, which uses a 3:1 support ratio (as used in Fewer). 

Elimination of virtnally half the supports (with their Zirconium Hydride moderator, tie-tubes and graphite parts)* together 
with the core and reflector diameter reduction effects, results in a reactor weight reduction of approximately 2,006 Ih. or 
approximately 25%. The shield likewise decreases approximately 25% due to the reduction in diameter. 

The non-nuclear components increase slightly (approximately 5%) in weight due to increase in pump discharge pressure to 
provide higher pressure ratio to drive the turbine as a result of lower turbine inlet temperature because of reducing the 
number, and therefore, total power of the tie-tubes (one contained in each support element) by 50%. 

Due to the reduction in engine weight as the result of basically cutting the number of support elements In half (going from 
3 to 6:1 Fuel Element to Support Element ratio), the engine weight is reduced by approximately 20%, and therefore, the engine 
thrwrt-to- weight ratio improves by 20%. 
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LIFE IMPACT ON CHAMBER TEMPERATURE AND 
SPECIFIC IMPULSE ADVANCEMENT 


• XE-PRIME 710 SEC 

Tc 2270K 

BLEED CYCLE (TURBINE 10% TLOWI 
NOZZLE f OF 10 

- REGEN COOL FUEL ELEMENT SUPPORTS + 35 SEC 

AND CORE PERIPHERY 


INCORPORATE EXPANDER CYCLE 


I 


- INCREASE e TO 200, 1 10% L 


* 35 SEC 
+ 50 SEC 


! 


- INCREASE Tc WITH GRAPHITE FUEL ELEMENT TO: 


2550 K 

2450 K 


Life 

1.5 HR 

4.5 HR 

GRAPHITE ELEMENT ENGINE 1. 

Al. 

+ 40 SEC 
870 SEC 

4. 2Q_5EC 
850 SEC 

- INCREASE Tc WITH COMPOSITE ELEMENT TO: 


2700 K 

2550 K 


Lite 

1.5 HR 

4.5 HR 

COMPOSITE ELEMENT, ENGINE 1. 

Al. 

J_30.SE C 
900 SEC 

+ 20 SEC 
870 SEC 
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LIFK IMPACT ON CIIAMKKK TEMPERATURE 
AND SPECIFIC IMPULSE ADVANCEMENT 

I 

As in the prior churl, "Specific Impulse Advancement," the XF.-IYime is flu* baseline for specific impulse at 710 sec. Also, 
as in the prior chart, advancements by I) regenerative cooling of core structure ( I 35 sec), 2) using the expander cycle (-+ 35 
I sec), and 3) using the 200:1 expansion ratio nozzle (4 50 sec), increase specific impulse by 120 seconds. 

However, Westinghoo.se evaluation of Rover/NEttVA Fuel Element Mass la>ss resulted in life capability oi 1.5 hours for the 
i prior chart’s Graphite Fuel Element at IV wee Average Exit Gas Temperature of 2550K and resulting specific impulse of 870 

sec, and Composite Fuel Element Gas Temperature of 2700K with .specific impulse of 000 see. 'I lii.s 1.5 hour data is presented 

in the left hand column. "Near-Term" engine life requirements are for a Life Capability of 4,5 hours. Tu meet Hie 4,5 Innir 

. 13r« with th« allocated ruaeilvliy loss of 1$, imnafiMo* Inin 18 i« Hi itrimio inn** fan* per element nnd the result I mr innpvrnliirm 

and specific impulses as shown in the right hand column. For the 4.5 hour life requirement, the resulting Graphite Element 
Engine Specific Impulse is 850 sec, and the Composite Element Engine Specific Impulse is 870 seconds. 
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50K NTR, Expander Cycle, Dual T/P* 
Centrifugal Pump 


1 


y - 

M* 


design vai.ui ;; 

ruMpriownATr (IOiai j 
f*UMi»i)tr»(;iiAnr,r rni r*r;unr 
NUMnrn or pump staged 
mMPrrncirNCY 
mnoopi iMr mpm 
1 1 muon imp Pf )wf n <f a< :h> 
mnniNf INI FT 1FMP 
NUMnrn or turbine si ages 
ninniNF » i riciFNCY 
umniNr PMFSRUnF haiio 

I U HR INF f LOW HA I E (KALI 1) 

nr Acron/rNC,»Nr mrnMAi powrn 

i m i 1 1 emeni inANsmtnrn mwrn 

c/)nr mrnMAi powrn {hih fifmi ni.iie iube) 

FNGINF TMIIUSI 

N0221E CHAMBER tEMPERAIURL 
(JIAMBf n PRESSURE (NG77I F STAGNATION) 

N07/I F EXPANSION AREA RA HO 
N077I F PI HCFNJ I.ENGIH 

vacuum si’FCiric iMrui sr (DruvrnFO) 


VI or* I R 1A 1 
1.0 ?? p; ia 

7? 50 « 
/I/.500RPM 
4 I 10 UP 
?50 4 y 

l\ 75 
i #*/:’ ; 
1ROHIR/SI r. 

I 00? fl MW 
01T, 7 MW 
990 1 MW 

50.0(H) I HI 
2,444 K 
7B4 PSIA j 

200 i 

IIP 

846.64 SLC 


Heal loads are as follows. Nozzle-con (total): 28.55 MW 
Nozrie-div (total): 9.44 MW 

Reflector (total): 12.10 MW 

Tie-Tubes (total): 54.50 MW 


No//*e Cootwiq 
Pat*. 


P - PSIA 
T = DEG K 
W * LB/S 
H - 8TU/LB 
S - BTIJ/LB R 


•Note: Flows indicated are tor one-half of system. 
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50 K NTR, I X PANDER CYCLE, DUAL T/P 
CENTRIFUGAL PUMP 


In conjunction with the reduction in graphite fuel element average exit gas temperature from a nominal 2550K to 2450K to 
meet the 4.5 hour Life requirement, » revised system balance was performed 

Compared to the balance shown on the prior chart, the average reactor exit gas temperature (nozzle chamber temperature) 
is reduced by approximately 4% to 2 r 444K. This results in an approximate 2% reduction in specific impulse to 844.64 sec. 
To maintain engine thrust at 50,000 Ihf requires increasing flowrate by approximately 2% to 59.06 Ih/sec. The increase In 
flowrate and reduction hi temperature result in an approximate .1% reduction in Reactor/ Engine Thermal Power to 1,002.8 
Megawatts. 

The reactor configuration for the 1.5 hr and 4.5 hr life would he the same. Fuel element thermal conditions and stresses 
actually reduce due to the 4% reduction in temperature and 3% reduction in power. Fuel element mechanical stresses stay 
the same since the reactor exit pressure is fixed (784 psia) ami the core pressure drop Is essentially the same due to the 2% 
reduction in velocity (2% increase in flowrate and 4% increase in density due to lower temperature) and 4% increase in 
density. So the reactor weight remains essentially the same between the 1.5 hr and 4.5 hr life cases. 

The chamber and nozzle sizes remain the same, due to the 2% increase in flowrate and 4% reduction in temperature resulting 
i» the saute throat siren. 

The pump flowrate increases by 2% and the discharge pressure increases hy 4% due to the 6% increase in turbine pressure 
ratio required to provide the 6% higher tiirhopmnp power. This results in n 4% increase in tiirhopnmp weight which is 
equivalent to approximately 0.1% in engine weight. Due to the 2% increase in flowrate and the 4% increase hi pump discharge 
pressure, the turbopump line weight increases by 6% which is equivalent to approximately 0.4% in engine weight. 

So the engine weight effect in going from the 1.5 to the 4.5 hour life is an approximate 0.5% increase in weight due to the 2% 
increase In flow am) 4% increase in pump discharge pressure with the majority of the effect being due to the pump discharge 
and turbine lines. 
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Effect of Thrust and Fuel Element on Engine 
Thrust-to-Weight Ratio 



„ Enqine Thrust, Klbf 

ill Hockwoll Intofnntlnnnl 
HocMMrw* Pltltlm 



WeiilnfhouMl IUectri« CorptMtuim 


EFFECT OF THRUST AND FUEL ELEMENT 
ON 

ENGINE THRUST-TO-WEIGHT RATIO 


The effect of thrust for the 25, 50 and 75K Ih engines oil engine thrust -to- weight ratio (without including radiation shielding) 
is shown for both Graphite and Composite Fuel elements. 

As a result of discussion related to the previous chart regarding engine weight changes in going from 1.5 to 4.5 hr Life, the 
engine weight increases by approximately 11.5% primarily In line weight due to the 2 % Increase in flowrate and the 4% Increase 
In pump discharge pressure. This is a negligible effect to these thrust -to- weight ratio plots. Therefore, Hie plot for each fuel 
element applies for the range of Life ami Specific Impulse shown. 
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Effect of Thrust and Use of ZrH Moderator on 
Engine Thrust-to-Weight Ratio 



Engine Thrust, Ktbf 
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EFFECT OF THRUST AND USE OF ZrH MODERATOR 

ON 

ENGINE THRUST-TO-WEIGHT RATIO 


The effect of Zirconium Hydride moderation on engine thrust-to- weight ratio (without including radiation shielding) is shown 
over the thrust range of 25 to lOOKIb. The lower curve represents engines using a fixed 35-inch diameter, 52-Inch Umg core 
containing no ZrH. The upper curve represents engines using reactors containing ZrU as necessary to minimise size and 
weight for the 25, 50 and 75Klb thrust reactors as Analyzed by Westingliotise. Other WeMiiigfiousr preliminary analysis 
indicates that ZrH docs not reduce the weight of a reactor with a 35 inch diameter core for a lOOKIb thrust engine. On this 
basis, the dashed line was constructed between the 75Klb Zril moderated point and the lOOKIh point without ZrU. 

So ZrH moderation provides no advantage at lOOKIb thrust, approximately 10% weight advantage at 75K, approximately 35% 
weight advantage at 50K, and approximately 75% weight advantage at 25K thrust. 
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Effect of Shield on Engine Thrust-to-Weight Ratio 
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EFFECT OF SHIELD ON ENGINE TIIKUST -TO-WEIC1IT RATIO 


The effect of shield weight on engine thnist-to- weight ratio is sliown. The tipper data represents the engine I hrust-to- weight 
rutin wlthuut including rudiution shielding. The hiww dutn represents engine UmisHiMveighl rutin using the internal shield 

used for the NKKVA K-l engines; namely, 12 Ineties of ItA I II (llorun. Atninhinm, ami Titanium llydrl(le) ami 1-1/4 Incite* 
of lead. 

During the program, NPO specified neutron flux levels and gamma dose level to In* met by Hie shielding for Hie "Near-Term" 
reactor. Due to concern about lead melting during decay heat removul, the lead was removed. The NPO-spccified radiation 
field also allowed reduction in the BATH thickness from 12 inches down to 9 inches. The Weslinghnuse analysis of the 
resulting radiation field for (he 50 K engine results in neutron fluxes and gamma dose approximately half that specified hy 
NIX), indicating that a small further reduction in BATH thickness may he made 

At the 50K thrust level, the Light Shield provides approximately 10% improvement in engine thrust -to- weight ratio over the 
NERVA shield. The light shield represents an approximate 9% reduction from the thrusl-to- weight ratio of 5.8 for the 
unshielded 50 K engine. 
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PEWEE - DERIVED NTR's 



THRUST 

25K 

50K 

75K 

T/We 

(W/SHIELD) 

3.6 

5 3 

6.0 

Le 

6.00M 

7.6GM 

8.74M 

De 

1.73M 

2 44M 

2.99M 
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PEWEE-DERIVEI) NTR’S 


Conceptual designs were performed for 25, 50 mid 75 K thrust engines based oil Rovcr/NERVA reactor technology. Fuel 
element power was based on Pewee test results of approximately 1.2 Megawatts per fuel element average. 7 Tie engine tftrusf- 
to- weight ratio requirement of >4 with shielding was not met by the 25K engine which has a value of approximately 3.6 with 
>’ a shield meeting the NPO radiation Held requirements. Unshielded, the 25K engine has a thrust-to- weight ratio of 
approximately 3.9, so the requirement of 4 is not met even without the radiation shield. 

Certainly, based on engine thrust-to- weight ratio, the preferred engine thrust would he I00K or more based on the elimination 
of the weight penalty associated with the use of Zirconium Hydride moderator and achieving a shielded engine thrust -fo-weight 
ratio of approximately 6.5, or approximately 7.1 without radiation shielding. 

NPO selected the 50K engine for more detailed analysis and specified radiation field values In determine Hie shield. The 
radiation field requirements allowed lightening the shield hy approximately 900 Ih resulting in an Improvement In shielded 
engine fhrust-to-weighl ratio from 4.8 to 5.3, with an unshielded thrust -to- weight ratio of 5.8. 

The 50K engine has an overall length of 7.66 meters and a nozzle exit diameter of 2.44 meters. 

These parameters all apply regardless of whether I) the engine life is 1 .5 hours operating at a chamber temperature of 2550K 
with 870 sec specific impulse, or 2) the engine life is 4.5 hours operating at a chamber temperature of 2450K witli 850 sec 
specific impulse. 
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Key Technology /Streamline Development 

Assessment 


• Approach 

• Identify critical design areas and technology issues 

• Assess actions and program impacts 

• Determine critical path 

• Areas addressed 

• Safety, hydrogen pumping, nozzle, valves, 
instrumentation and controls, reactor, engine 
system and test facility 
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Key Technology/Streamline Development Assessment 


In performing this assessment, design areas of the engine system were reviewed and critical technology issues 
were identified, together with actions required to address these issued and their impact on the program. A critical 
path was inferred from this analysis. The design areas addressed were safety, hydrogen pumping, the nozzle, 
valves, instrumentation and controls, the reactor assembly, and the engine system and test facility. In most 
instances it was found that recovering or referencing existing technology provides the design basis. However, 
several system design issues exist where new design solutions and test verifications would be required, and effort 
to resolve these items should be emphasized early in the program. 
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KEY TECHNOLOGIES ASSESSMENT 


AREA OF DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Safety 

Water immersion 

Analysis of several 

Engine test facility 


criticality 

design options for 
reactivity control in 
then ml range; 
reco er NERVA 
plan' 

to test as-designed 
engine, no additional 
cost or schedule 

Safety 

Intact reentry or 
total dispersal 

Desijn for reentry 
heating; recover 
reentry data; 
consider 
engine/vehicle 
interactions 

Verification testing 
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Key Technologies Assessment 

Ready technology from many sources forms the foundation for the Rocketdyne Westinghouse NERVA-derived engine 
concept. In reviewing key technology areas the goal was to assess both the needed actions to resolve the particular 
issues and the programmatic impact. In many cases technology recovery was the principal action, and there was no 
programmatic impact. In a few areas, issues not anchored in ready technology were identifed, and their resolution 
should be addressed early in the program. We expect no intractable problems. 

Safety issues in all phases of the program have in hi? adequately identified. and procedures and design solutions have 
to be qualified. Four safety issues are noted here: fl) water immersion criticality, (21 intact reentry or total dispersal, 
13) the concern over flammability and dispersion of nuclear materials in a launch explosion and fire, and (41 the impact 
of the continued nuclear power generation of a shutdown engine in a cluster. The latter affects engine-cluster specific 
performance, but is also a safety issue because the overheating potentially can damage the stage placing the crew at 
risk, and ejection of the engine with its potential for generating debris may pose a threat to the stage or to future 
missions. 

Restartability requires adequate svstems for decay beat removal that do not consume excessive quantities of hydrogen. 
A flight- qualified decay heat removal system was never demonstrated >n the Rovcr/NERVA program. 
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KEY TECHNOLOGIES ASSESSMENT 


AREA OF DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Safety 

Launch fire 
resistance of nuclear 
and hazardous 
materials 

Analysis and design 
of fire retarding or 
resisting features 
such as plug in 
throat 

Mockup test in 
simulated launch 
explosion/fire 

Safety 

Engine-out 
continued power 
generation; dead 
weight 

Analysis of 
alternatives: 
auxiliary cooling, 
shielding, ejection, 
etc. 

No additional impact 

Restartability 

Decay heat removal 

Analysis and design 
of optimum method 
for conserving 
propellant 

Test decay heat 
removal system 
during engine tests 
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KEY TECHNOLOGIES ASSESSMENT 


AREA OF DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Hydrogen pumping 

Two-phase pumping 

Design pumping 
system compatible 
with tank 

pressurization limits; 
recover Rover lest 
data, Mark 25 and 
Mark 1 5 data 

Test candidate 
configuration in 
pump test facility 

Hydrogen pumping 

Bearings 

Design for 1 0 
restarts, and slow 
start and shutdown 
transients; recover 
Mark 25 data with 
hybrid hydrostatic 
bearings, SSME 
experience, Mark 
29FD with 
hydrostatic bearings 

Demonstrate during 
pump qualification 
test 

Hydrogen pumping 

Seals 

Select radiation-hard 
seal materials 

Part of turbopump 
design and test 
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Key Technologies Assessment 


The hydrogen turbopumps, while based on mostly proven hardware, must be qualified for the radiation environment. 
10 restarts in space, sfow startup and shutdown transients, and 4.5 hours of accumulated full-power operation. The 
solutions to these issues are anchored in existing technology, hut a rigorous test program will be required to 
demonstrate, adeqately, the design integrity. 

Chamber and nozzle experience with the SSME satisfies most design requirements, except those dealing with the 
radiation environment, such as joint seal design. Testing of seals in a radiation environment would be required. 

Radiation resistance of valves -bodies, stem, guides, actuators, seals, scats -niust be incorporated in the design and 
verified by test, and turbine bypass valve functional performance must be assured by test. 
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KEY TECHNOLOGIES ASSESSMENT 


AREA OF DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Nozzle 

Radiation resistant 
joint seal 

Test seal 
configuration in 
radiation 
environment 

Need to identify test 
facility 

Nozzle 

High heat flux 

Use SSME NARloy-Z 
slotted channel 
approach 

No additional impact 

Valves 

Radiation resistance 

Select radiation 
resistant materials; 
Recover data from 
Rover/NERVA, 
SP-100, LMFBR 

Life-cycle test 
valves separately, 
and evaluate after 
engine test 
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KEY TECHNOLOGIES ASSESSMENT 


AREA OE DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Valves 

Turbine bypass 
control 

Modify SSME and 
J-2 valves and 
perform life-cycle 
test 

Test in hydrogen 
flow facility 

Reactor assembly 

Fuel element 
midband corrosion 

Develop and test 
coating materials 
and processes 

Identify reactor test 
facility; test and 
evaluate in engine 
testing 

Reactor assembly 

Vessel design for 
intact reentry or 
dispersal, decay 
heat removal 

Select compatible 
materials and 
configuration 

Safety requirements 
drive the design 
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Key Technologies Assessment 

Iti the reactor assembly, midband corrosion found in the Rovor/NERVA fuel elements was being addressed when the 
program was canceled. Resolution of this Issue will be of prime importance at the outset, with in-pile testing of fuel 
elements and clusters necessary to validate the solution. The reactor vessel must he designed to meet the safety 
requirement of intact reentry or total dispersal in the event of an Inadvertant reentry from space. The control drum 
actuators may feature electrical or pneumatic drives, or both, based on Rovor/NERVA or current design technology. 
The support plate must contain the tie-tube Inlet and outlet flow passages, operate with minimal thermal distortion, 
and be structurally robust. Data from the Phoebus 2A react or and from the NERVA design would be the bases for the 
new design. To achieve higher operating temperatures and performance development of composite fuel would be 
continued from the Rover program baseline. The instrumentation and control design area would Initially address key 
sensors and the engine health monitoring system. Current technology would serve these areas. 

Finally, the ground testing of the complete angina system is the key step In qualification for piloted operation. An 
operational facility will be needed with adequate engine exhaust scrubbing to meet environmental and safety concerns, 
and with well-designed altitude simulation diffusers and ejectors. Because design, the environmental approval process, 
construction, and acceptance testing will require about 6 years to complete, embarking on this effort almost 
immediately is essential to meeting the desired 10 year development goal. We believe that this facility is the critical 
path. 
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AREA OF DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Reactor assembly 

Drum actuators 

Incorporate 
Rover/NERVA or 
SP-100 designs; 
evaluate fluidic 
stepping motors 

Testing required 

Reactor assembly 

Support plate with 
tie tubes 

Evaluate 

Phoebus-2A and 
NERVA-R1 designs, 
fabricate and test 
unit 

Test in hydrogen 
flow facility -parallel 
with pump testing 

Reactor assembly 

Higher temperature 
fuel 

Develop composite 
fuel 

Test reactor or 
nuclear furnace 
required 

Instrumentation and 
controls 

Hydrogen flow 
measurement 

Evaluate candidate 
flow meters, 
including fluidics; 
procure candidates 
and test 

Test in hydrogen 
flow facility 

•1% nockwollltHtmalloiifll 
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KEY TECHNOLOGIES ASSESSMENT 


AREA OF DESIGN 

TECHNOLOGY 

ISSUE 

ACTION REQUIRED 

PROGRAM IMPACT 

Instrumentation and 
controls 

Reactor 

temperature, 

pressure 

Incorporate 
Rover/NERVA and 
advanced reactor 
sensors 

Life test in a reactor 
in hydrogen; 
evaluate in engine 
test 

Instrumentation and 
controls 

Health monitoring 
system 

Incorporate 
Rocketdyne state- 
of the art 
diagnostics 

Evaluate in engine 
system test 

Engine system test 

Scrubbing engine 
exhaust, diffuser 
and ejector 
technology; 
environmental 
concerns 

Proceed with site 
selection and facility 
design and 
construction; 
recover NP-1 
scrubber data, state 
of the art 
Rocketdyne 
diffuser/ejector 
technology 

Critical path to 
engine qualification 
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Technology Assessment Results 

• Technology available for most issues 

Rover/NERVA, SSME, Rocketdyne state of the art. 
SP-100, terrestrial advanced reactors, state-of-the-art 
electronics and computers 

• Unresolved system design issues 

Loss of turbopumps, lifetime, intact reentry-water 
subcriticality (or total dispersal), decay heat removal, 
engine-out cooling during operations, fuel midband 
corrosion 

• Critical path is engine test facility 
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Technology Assessment Results 

The assessment of key technologies led to the conclusions that (1) existing technology in reactors and engine 
systems is applicable to most design areas, (2) there arc issues requiring attention narly in the program to assure 
satisfactory resolution, and (3) the assured early availability of an engine/reactor test facility is critical to meet, 
successfully meet the 10 year engine qualification goal 
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Streamline Development Requires Early 
Agreement on Requirements 


NASA prepares: 

Rocketdyne/Westinghouse: 

• Mission and performance 

• Provide comments on draft 

requirements 

requirements and specifications 

• Safety requirements 

• Perform QFD analysis 

• Interface control structure 

• Prepare design criteria and test 


plans 

• Engine specification 


.. - J 

• Specify test facility needs 

Rockwall ImenifiMonnl 
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Streamline Development Requires Early Agreement on 

Requirements 


To establish a good foundation for a successful development program both NASA and the 
Rocketdyne/Westinghluse team must understand and accept the design requirements, program and technical 
interface requirements, and design criteria and testing needs. Poorly understood or shifting requirements can lead 
to delays and cost escalation. We believe that a QFD analysis of the program will lead to well-understood 
requirements and optimum design and hardware results. 
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NTR Streamline Development Logic 
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NTR Streamline Development Logic 

A development logic diagram can include many layers of detail and be organized in many different ways. This 
high-level diagram shows many necessary tasks in selling requirements, recapturing technology, resolution of key 
design issues, facility design, construction, and activation, and testing of components and systems. The most 
important message is that the program must start will* well defined requirements and design criteria, and that the 
availability of key test facilities will drive the rate of achievement of the 10-year goals. Near- term activities of 
conceptual design, technology recovery, and resolution of design issues will provide a sound basis for proceeding 
quickly as substantial funding becomes available. 
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NTR Streamline Development Plan Summary 


93 '94 '95 *96 *97 '98 *99 '00 '01 '02 


Fiscal Year 

'93 

'94 

Establish Safety and 
Performance Requirements 

— 


Generate Design Criteria 

11 


Recapture Technology 



Engine Conceptual Design 

-r J 

Resolve Design Issues 

— 

1l 

Design 

Design and Safety Review 

Component Fabrication and 
Testing 


IZ 

Engine and Fuel Test Facilities 
Design and Activation 

Design Verification Testing 
Qualification Testing 
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NTR Streamline Development Plan Summary 

The time-phasing of key groups of activities from the development logic diagram shows that several tasks should 
be emphasized at the start: setting requirements, technology recapture, and establishing design criteria. Test 
facility design, construction and activation must also begin promptly to assure that the 10 year schedule can be 
met. 
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